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ABSTRACT 

Extensive Upper Cretaceous volcanism in southern Madagascar was fed in part by mantle sources resembling those 
expressed today in the Indian Ocean at Marion and Prince Edward islands and on the central Southwest Indian Ridge. In 
addition, very low c r~d(T) (to --17.4), high (87Sr/S6Sr)-r (to 0.72126) tholeiites in southwestern Madagascar were variably but 
highly contaminated by ancient continental material broadly like that affecting the Bushe and Poladpur Formations of the 
later Deccan Traps in India. Alkalic dikes in southwestern Madagascar have a rough analogue in the Mahabaleshwar 
Formation of the Deccan, in that they document the influence of a low 2°6pb/2°4pb, negative end, relatively low S7Sr/S6Sr 
reservoir. A very similar reservoir is manifested at present in mid-ocean ridge basalts on the central Southwest Indian Ridge 
near 40°E. The original location of this end-member appears likely to have been in the Madagascan lithospheric mantle, a 
portion of which may have been removed in the Middle Cretaceous by the action of the Marion hotspot or the rifting of 
Indo-Madagascar. An origin within the hotspot itself also may be possible; however, recent products of the hotspot appear to 
lack completely the necessary low 2°6pb/Z°4pb, low ~yd signatures. 

I. Introduction 

Between the ma in  phase of Karoo  volcanism 
(roughly 190 Myr) in what is now southern Africa 
and  the Deccan Traps  episode in Greater  Ind ia  
(about  65 Myr), extensive basalts were erupted in 

Madagascar.  Original ly they may have blanketed 
most  of the island [1] (the fourth largest in the 
world, with an area greater than that of France)  
but  now remain  pr incipal ly  along the east and  

west coasts and  offshore, with only isolated out- 
liers in land  (Fig. 1). Their  age is not  known pre- 
cisely, for no  4°Ar/39Ar work has been done;  how- 

ever, some flows in the nor th  are intercalated with 
T u r o n i a n  ( -  88.5-91 Myr [2]) sediments,  whereas 
lavas in the southwest rest upon  Turon i an  and are 
in te rbedded  with sparse C a m p a n i a n  ( - 73-83  Myr 
[2]) sediments  [1,3,4]. In the southeast,  the basalts 
lie directly upon  Precambr ian  basement .  Despite 
being recognized as an impor tan t  l ink in the 
succession of massive flood volcanism associated 
with the breakup of Gondwana ,  very little geo- 
chemical  or petrological a t ten t ion  has been paid to 
the Madagascan  lavas, and no isotopic study has 
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been under taken.  The reason, in large part,  is that 
for many  years there have been formidable  legal 
difficulties in removing geological specimens from 
the island. Recently, however, Dostal  et al. [5] 
carried out a major  and  trace element,  and  K-Ar  

study of flows and dikes from the southwestern 
and  southeastern regions. Here we present  the 
results of a Nd,  Pb, and  Sr isotopic invest igat ion 
of the same sample suite. 

Strong spatial and  temporal  connec t ions  be- 
tween flood basal t  volcanism and  con t inen ta l  rift- 
ing in the vicinity of hotspots  have been  noted  for 
m a n y  years ([6-8], and  m a n y  more recent works). 
The precise role of hotspots  in  furn ish ing  material ,  
as opposed to only heat, to fuel flood activity has 
been difficult to establish, because (1) there com- 
monly  are significant  e lemental  con t r ibu t ions  from 
cont inenta l  crust or l i thospheric mant le  which ob- 
scure subli thospheric geochemical signals; and  (2) 
the isotopic and  chemical compos i t ion  of a given 
hotspot  may change somewhat  over time, so that 
its present-day magmat ic  products  (which gener- 
ally provide most  available samples) may not  be 
directly comparable  to earlier ones. 
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Fig. 1. Map of Madagascar with main locations of Upper 
Cretaceous basalts (and associated rhyolites) in black. South- 
ern dike swarm is indicated by stippled pattern (after [1,5]). 
Samples in this study are from flows and dikes east and 
southeast of Tulear and along the southeast coast north of 

Farafangana, as described in Dostal et al. [5]. 

are triggered by the arrival of inflated plume 
"heads"  at the base of the lithosphere. As a nascent 
plume head rises through the convecting mantle, it 
should entrain substantial quantities of the sur- 
rounding material, whereas the narrow plume 
"tai l"  that follows will entrain a much smaller 
fraction of non-plume mantle (e.g. [11,13]). 

Plate reconstructions place Madagascar,  then 
the westernmost portion of Indo-Madagascar,  over 
the Marion or Crozet hotspot in the interval be- 
tween about 120-80 Myr (see Fig. 2) [7,14]. By 80 
Myr the hotspot was off the southern end of 
lndo-Madagascar,  similar to the disposition of 
western India near the Reunion hotspot at 65 
Myr. Around the same time, Madagascar rifted 
from Greater India, much as the Seychelles Block 
would do 15 Myr later with the waning of Deccan 
volcanism (e.g. [7,15]). Given these plate-tectonic 
similarities between the two provinces, plus the 
fact that their basement crusts were originally 
contiguous, geochemical parallels might be ex- 
pected as well. The principal objectives of the 
present work were to assess for the first time the 
geochemical importance of Marion or Crozet 
hotspot and MORB mantle sources in the basalts 
of southern Madagascar, and to evaluate the na- 
ture and influence of continental lithosphere in 
their genesis. 

2. Samples a n d  m e t h o d s  

Recent work in the western Deccan Traps, 
however, has shown that the lavas least affected 
by continental lithosphere (Ambenali Formation) 
reflect a mantle source that appears to be a rela- 
tively uniform mixture of present-day Reunion 
hotspot and MORB (mid-ocean ridge basalt) iso- 
topic and chemical characteristics [9,10]. Follow- 
ing Deccan volcanism and the rifting of the 
Seychelles Platform from Greater  India soon 
thereafter, the proportion of the MORB-like com- 
ponent  gradually declined in lavas erupted along 
the oceanic trace of the Reunion hotspot, the 
Chagos-Laccadive Ridge [11]. This composite 
(MORB plus Reunion) character of Deccan 
parental magmas and the subsequent domination 
of the Reunion end-member can be accommod- 
ated conceptually in a recent hypothesis [12,13] 
that flood basalts, and often continental rifting, 

The samples analyzed here include both tholei- 
itic and alkalic lavas and dikes, chosen to cover 
the range of chemical compositions reported by 
Dostal et al. [5]. Two of the tholeiites are from 
flows in the southeastern coastal exposures (sam- 
ples 58, 60), one (59) is from a dike in the same 
region; six others are from flows and dikes in the 
southwest. All of the alkalic samples, which in- 
clude two basanites (7, 52), are from a major 
NW-oriented dike swarm in the southwest (see 
Fig. 1, and [5]). 

Preparation for mass spectrometric analysis in- 
volved a sequential, three-step ion-exchange col- 
umn procedure used routinely at the Hawaii In- 
stitute of Geophysics. Following dissolution of 
20-40 mg, each sample was split, and one aliquant 
spiked with 2°6pb, 146Nd, 1495m, 845r, and SVRb 

tracers. Pb was then separated from both spiked 
and unspiked splits in a two-step elution with 
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Fig. 2. (a) Inset: reconstruction at 80 Myr showing location of southern Madagascar near the Marion hotspot (black dot) and the 
incipient splitting of Indo-Madagscar [37]. (b) Present configuration of Madagascar, the Madagascar Ridge, Marion, Prince Edward, 
and the Crozet islands, Funk seamount, and the central Southwest Indian Ridge (ridge segment locations taken from le Roex et al. 

[21]). The low 6 / 4  ridge segment is indicated by a black bar. Contour shown is the 3000 m isobath. 

m i x e d  H B r - H N O  3 s o l u t i o n s  o n  50-/~1 a n i o n  ex- 

c h a n g e  c o l u m n s  [16]. T h e  w a s h  f r o m  t he  s p i k e d  

sp l i t  was  l o a d e d  o n t o  a 0.6 x 20 c m  c a t i o n  ex-  

c h a n g e  c o l u m n ;  R b  a n d  Sr  w e r e  e l u t e d  w i t h  2 N  

HC1, f o l l o w e d  b y  t he  r a r e  e a r t h  e l e m e n t s  as  a 

g r o u p  in  4 N  HC1 (e.g. [17]). F i n a l l y ,  S m  a n d  N d  
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w e r e  s e p a r a t e d  f r o m  t he  o t h e r  r a r e  e a r t h  e l e m e n t s  

w i t h  a n  c~ -hyd roxy - i sobu ty r i c  ac id  e l u t i o n  o n  a 

0.2 × 20 c m  c a t i o n  c o l u m n  (e.g. [18]). T o t a l  b l a n k s ,  

l i s t ed  in  T a b l e  1, a re  n e g l i g i b l e  in  all  cases .  

M a s s  s p e c t r o m e t r i c  m e a s u r e m e n t s  we re  pe r -  

f o r m e d  o n  t he  V G  S e c t o r  m u l t i c o l l e c t o r  i n s t r u -  

m e n t  a t  t he  H a w a i i  I n s t i t u t e  of  G e o p h y s i c s ,  N d  

a n d  Sr  we re  a n a l y z e d  in  t he  d y n a m i c  m u l t i c o l l e c -  

to r  m o d e ,  N d  ( t y p i c a l l y  1 0 0 - 1 5 0  ng)  as  t he  o x i d e  

o n  s ing le  R e  f i l a m e n t s  (e.g. [18]), Sr  ( a b o u t  6 0 0 -  

800 ng )  o n  T a  s ing le  f i l a m e n t s  w i t h  T a 2 0  5 sub-  

s t r a t e  (e.g. [19]). P b  w as  r u n  o n  s ing le  R e  fi la-  

m e n t s  w i t h  s i l ica  gel e v a p o r a t o r  a n d  H 3 P O  4 (e.g. 

[20]); t he  s p i k e d  f r a c t i o n  was  a n a l y z e d  f i rs t  to  

d e t e r m i n e  c o n c e n t r a t i o n ,  t h e n  4 - 8  n g  of  t he  un -  

s p i k e d  a l i q u a n t  w e r e  l o a d e d  a n d  m e a s u r e d  for  

i s o t o p i c  c o m p o s i t i o n  e i t h e r  in  s ing le  c o l l e c t o r  or  

s t a t i c  m u l t i c o l l e c t o r  m o d e .  T w o  s u c h  r u n s  w e r e  

m a d e  fo r  m a n y  of  t he  s a m p l e s  here .  S t a n d a r d  

r e f e r e n c e  va lues ,  e s t i m a t e d  u n c e r t a i n t i e s ,  a n d  

f r a c t i o n a t i o n  c o r r e c t i o n s  a r e  g i v e n  in  T a b l e  1, 

a l o n g  w i t h  t h e  i s o t o p i c  d a t a .  I s o t o p e  d i l u t i o n  re-  

su i t s  a re  p r e s e n t e d  in  T a b l e  2. 

T h e  N d  a n d  Sr  i s o t o p i c  v a l u e s  in  T a b l e  1 h a v e  

b e e n  a g e - c o r r e c t e d  to  75 M y r  u s i n g  m e a s u r e d  

p a r e n t / d a u g h t e r  ra t ios .  T h i s  age  r e p r e s e n t s  a 

p r o b a b l e  m i n i m u m  b a s e d  o n  b i o s t r a t i g r a p h i c  c o n -  

t ro i s  in  s o u t h w e s t e r n  M a d a g a s c a r  (e.g. [1,3]); m a n y  

of  the  K - A r  d a t e s  r e p o r t e d  b y  D o s t a l  e t  al.  [5] a re  

in  th i s  r a n g e  as well .  A n  a d j u s t m e n t  a l so  h a s  b e e n  

a p p l i e d  to  t he  P b  i s o t o p i c  d a t a  b y  u s i n g  o u r  

m e a s u r e d  P b  a b u n d a n c e s ,  t h e  T h  c o n c e n t r a t i o n s  

fo r  t he  s a m e  s a m p l e s  g i v e n  b y  D o s t a l  e t  al.  [5], 

a n d  a s s u m i n g  T h / U  = 4.0. T h i s  is a n  a p p r o x i m a t e  

c o r r e c t i o n  b e c a u s e  m a g m a t i c  T h / U  c a n  b e  s o m e -  

w h a t  less o r  g r e a t e r  t h a n  4.0;  t h u s  t he  a d j u s t e d  

TABLE 1 

Isotopic data for Madagascar lavas 

Sample c Nd ( T ) a (87Sr/86Sr) T ( 2o6 pb/2O4 Pb) t ( 2°7pb/2°4 Pb) t ( 208 pb/204 Pb) t 

Tholeiites 

39 - 17.4 ( - 18.0) 0.72126 (0.72158) 18.832 (19.003) 15.879 (15.887) 40.728 (40.945) 
46 - 6.5 ( - 7.1) 0.71185 (0.71257) 18.639 (18.856) 15.862 (15.872) 41.037 (41.313) 
47 - 11.2 ( - 11.8) 0.71776 (0.71813) 18.215 (18.373) 15.773 (15.870) 40.690 (40.890) 
50 - 7.6 ( - 8.2) 0.71540 (0.71567) 18.224 (18.392) 15.744 (15.752) 40.623 (40.836) 
55 - 5.0 ( - 5.5) 0.71135 (0.71201) 18.302 (18.480) 15.776 (15.783) 39.927 (40.115) 

1 - 8.9 ( - 9.5) 0.71752 (0.71787) 18.427 (18.594) 15.784 (15.792) 40.634 (40.847) 
58 + 5.8 (+  5.7) 0.70317 (0.70322) 17.904 (18.108) 15.523 (15.533) 37.751 (38.011) 
59 + 3.3 ( + 2.9) 0.70439 (0.70442) (17.011) (15.150) (37.980) 
60 + 5.6 ( + 5.3) 0.70326 (0.70328) 17.751 (17.912) 15.518 (15.526) 38.897 (38.102) 

A lkalic laoas 

2 + 4.7 (+  4.2) 0.70392 (0.70403) 18.113 (18.306) 15.536 (15.545) 37.885 (38.130) 
8 + 2.5 ( + 2.0) 0.70410 (0.70431) 17.735 (17.869) 15.487 (15.493) 37.588 (37.758) 

10 - 1.5 ( - 2.2) 0.70458 (0.70468) 17.429 (17.600) 15.478 (15.486) 37.693 (37.910) 
43 + 3.3 ( + 2.9) 0.70440 (0.70444) 
44 + 3.7 ( + 3.2) 0.70459 (0.70470) 17.935 (18.206) 15.505 (15.518) 37.949 (38.294) 
45 +4.8 (+4.4) 0.70371 (0.70385) 17.945 (18.197) 15.507 (15.519) 37.872 (38.192) 

7 + 1.3 ( + 0.4) 0.70440 (0.70446) 17.962 (18.540) 15.539 (15.566) 38.069 (38.803) 
52 - 2.5 ( - 3.4) 0.70566 (0.70575) 17.550 (18.098) 15.608 (15.634) 39.071 (39.767) 

Values for Nd, Sr, and Pb isotopic ratios are age-corrected to 75 Myr as described in text. Adjacent values in parentheses are 
present-day ratios. 
Isotopic fractionation corrections are 148Nd/144Nd = 0.241572, S6Sr/8SSr = 0.1194. Data are reported relative to Hawaii Institute of 
Geophysics standard values: for La Jolla Nd, 143Nd/i44Nd = 0.511855; for BCR-1, 143Nd/~44Nd = 0.512630; for NBS 987 Sr, 
87Sr/86Sr = 0.71025; for E&A Sr, 87Sr/S6Sr = 0.70803. The total range measured for La Jolla Nd is +0.000012 (0.2 ¢ units); for NBS 
987 it is +0.000022. Pb isotopic ratios are corrected for fractionation using the NBS 981 standard values of [47]; the total ranges 
measured are -+0.008 for 2o6Pb/2°4pb, -+0.008 for 2°7pb/2°4pb, and -+0.030 for 2°spb/2°npb. Within-run errors on individual 
sample measurements are less than or equal to the above external uncertainties on the La Jolla, NBS 987, and NBS 981 standards in 
all cases. 
Total procedural blanks are 10-40 pg for Pb, < 20 pg for Nd, and < 200 pg for Sr; all are negligible. 
a Present-day ~ N d ( 0 )  = 0 corresponds to 143Nd/144Nd = 0.51264; ~Nd(T)  = 0 at 75 Myr corresponds to (143Nd/144Nd)T = 0.51254, 

for 147Sm/144Nd = 0.1967. 
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TABLE 2 

Elemental abundance data  for Madagascar lavas 

J. MAHONEY ET AL. 

Sample Nd (ppm) Sm Sr Rb Th a Pb 

Tholeiites 

39 24.75 5.56 299.8 31.3 6.70 8.80 

46 33.51 7.52 275.4 64 b 7.40 7.68 

47 43.38 9,37 462.5 55.4 5.80 8.21 
50 37.60 8.49 399.9 34.6 5.20 6.89 

55 35.61 8.56 295.4 63.4 4.90 7.29 

1 37.66 8.39 382.9 44.0 6.70 8.93 
58 15.67 4.61 243.9 3.61 0.80 0.83 

59 23.88 5.86 533.9 4.70 1.69 

60 5.431 1.50 372.2 2.41 0.35 0.46 

A lkalic lavas 
2 18.09 4.42 335.6 11.4 1.30 1.44 

8 25.12 6.08 313.5 20.6 2.10 3.31 
10 34.47 6.91 615.4 20.2 3.40 4.19 

43 14.01 3.69 377.9 4.94 0.90 
44 15.86 3.92 376.3 13.6 1.30 1.02 
45 24.32 6.13 372.2 17 b 1.80 1.53 

7 57.28 9.41 1100 21.9 10.50 3.93 

52 34.04 6.03 598.1 16.3 4.80 1.91 

Nd, Sm, Sr, Pb, and 

or better. 

Th data are INAA 
b Measured by XRF 

Rb were measured by isotope dilution; uncertainties are estimated respectively at 

results from Dostal et al. [5]. 

[51. 

0.2%, 0.2%, 0.4%, 1%, and 1% 

(2°6pb/2°4pb)t values in some cases may be un- 
der- or over-corrected slightly. The effect of the 
Pb correction is major, however, only for the 
basanites, which have very high T h / P b  ratios. 

3. Results 

Isotopic data are depicted in Figs. 3-6, along 
with fields for Marion (Marion and Prince Ed- 
ward islands and nearby Funk seamount) and 
Crozet; for normal MORB (N-MORB) from the 
central Southwest Indian Ridge, 17-50°E (SWIR); 
for a Southwest Indian Ridge segment south of 
Madagascar near 40°E, between the Eric Simpson 
and Discovery II fracture zones, which displays 
the lowest 2°6pb/2°4pb and Chd values of any 
known spreading center (henceforth called the 
"40°E '' or "low 6 / 4 "  Southwest Indian Ridge 
segment); and for Pacific a n d / o r  Atlantic N- 
MORB. 

The Madagascan rocks define two strikingly 
different distributions, which are best discussed in 
terms of Dostal et al.'s [5] basic division (made on 
petrographic and major element grounds) into 

tholeiitic and alkalic types. One isotopic group is 
composed entirely of tholeiites from the south- 
western part of the island, the other of the alkalic 
rocks and the tholeiites from the east coast. The 
southwestern tholeiites span a wide range of iso- 
topic values, all having markedly negative c ya (T  ) 
( - 5 . 0  to -17.4) ,  and very high (87Sr/S6Sr)T 
(0.71135 to 0.72126) and (2°spb/Z°4pb)t (39.93 to 
41.04). In contrast, the second group exhibits a 
more restricted overall range of variation; it de- 
scribes a steep, relatively low ( SVSr/S6Sr)T trend in 
Fig. 3, which extends toward low (2°6pb/2°4pb)t 
in Figures 4 and 5. The two samples with the 
highest cNj(T ) of +5.8 and +5.6, similar to more 
radiogenic oceanic island mantle values, are from 
the tholeiitic flows along the east coast. Note that 
t h e  (2°6pb/2°4pb)t values of these two specimens 
(58, 60; see Figs. 4, 5) are within or very close to 
the field of present central Southwest Indian Ridge 
N-MORB but are much lower than for Marion 
today (by about 0.6-0.7); the difference with 
Crozet is even more pronounced, based on the 
very limited data available for the Crozet archi- 
pelago. The Sr isotopic ratios of samples 58 and 



MADAGASCAR BASALTS: T R A C K I N G  OCEANIC AND CONTINENTAL SOURCES 355 

+12 
~SWlR N-MOR8 

+ 8 " ~ M A R I O N  

+ 4 -  ~ \ \  

0 40°E \ \ \  \ 
s w , R  , ,  

--4 v i M \\\\ 

- 1 2  

- 1 6  

~. 0.704 0.708 

(Q) 

I [ I I I I 
0.712 0.716 0.720 

+" (b) 

+10 

+9  

+ 8  

+ 7 ~ R I O N  

+6 

+5  A Z, REUNION 

+3 I I l I I 140°El SWIR 
0.7024 0.7028 0.7052 0.7036 0.7040 0.7044 

(87Sr/86Sr) T 
Fig. 3. (a) Initial cNa and Sr isotopic ratios for southern 
Madagascan lavas. Solid circles represent tholeiites, hollow 
triangles alkalic basalts, and hollow squares basanites. Dashed 
curves indicate Ambenali-Poladpur-Bushe (B)  and Ambenali- 
Mahabaleshwar (M) trends in the western Deccan Traps. Note 
the general similarity between Madagascan and Deccan trends. 
(b) High cNa end of (a) showing positions of tholeiites 58 and 
60 well to the left of Marion field at comparable ~Na- Data for 
normal and low 6/4  MORB from the central Southwest Indian 
Ridge, 17-50°E (SW1R N-MORB and 40°E SWIR) are from 
[27,29,40]. Fields for Marion (Marion and Prince Edward 

islands, and Funk seamount) and Reunion are from 
[27,41,21,42]. 

60 also are less than for Marion at a given value of 
end (Fig. 3b), and much less than for Crozet (Fig. 
4). Of course, even assuming no changes in hots- 
pot chemical compositions, the positions of the 
Marion and Crozet fields on the figures would 
have changed slightly during the last 75 Myr sim- 
ply because of continued decay of 87Rb, 147 Sm, U, 
and Th in the source mantle. Pb isotopic ratios 

would have changed the most owing to the com- 
paratively short half-lives of U and Th. However, 
it is highly unlikely t h a t  2 0 6 p b / 2 ° 4  Pb, for exam- 
ple, has increased for either Marion or Crozet by 
this mechanism by more than about 0.2 (corre- 
sponding to a 238U/2°4pb value of 20 typically 
assumed for oceanic island sources). Likewise, 
based on Rb /Sr  values of high-Mg Marion and 
Prince Edward island alkalic basalts ( -  0.02-0.03; 
A. le Roex, unpublished data, 1989), Marion 87Sr/ 
86Sr would have increased less than 6 - 9  × 10-5. 

Data for several alkalic rocks approach--but  
do not attain--the high e N d ( T  ) and low ( 8 7 S r /  

86Sr)T values of the east coast tholeiitic flows (Fig. 
3), with which Dostal et al. [5] have noted they 
have similarities in several incompatible element 
ratios (e.g., N b / L a ,  Th/La,  Zr/Hf) .  Pb isotopic 
ratios for the alkalic samples lie mostly between 
the fields of Marion and the low 6 / 4  Southwest 
Indian Ridge segment; that is, mostly within the 
field encompassed by central Southwest Indian 
Ridge N-MORB (Fig. 5a, b), but their Nd and Sr 
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isotopic values, respectively, fall well below and 
above this field (Figs. 4, 6). One sample (10) is 
isotopically almost identical to the unusual low 
6 / 4  Southwest Indian Ridge basalts near 40°E. 
Sample 52 (a basanite) also has low (2°6pb/  
2°4pb)t, but stands out in the figures because of its 
markedly higher (2°8 pb/2O4 Pb) ~, (2°v pb/2O4 Pb) r 
and (87Sr/86Sr)T than the other alkalic rocks. As 
with the east coast tholeiitic flows, none of the 
data for the alkalic lavas actually overlap the 
fields for Marion or Crozet. Lastly, the tholeiitic 
dike from the east coast of Madagascar (59) is 
unique among all the samples studied in that it 
possesses unusually low 2°7pb/2°4pb and 2°6pb/ 
2°4pb, yet relatively high 2°spb/2°4pb. 

Isotopic results for the eastern and southwest- 
ern tholeiites as a group correlate relatively well 
with certain incompatible element ratios such as 
B a / N b  and T h / N b  (Fig. 7). In contrast, the alk- 
alic lavas, which range from basalts to basanites, 
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generally show poorer correlations between iso- 
topic and incompatible element ratios, possibly as 
a result of variable degrees of partial melting. 
Also, their B a / N b  ratios extend to greater values 
(from 12 up to 36 [5]) than have yet been found on 
any oceanic ridges or islands, even such high 
B a / N b  examples as the low 6 / 4  Southwest Indian 
Ridge segment at 40°E, Kerguelen, Tristan, or 
Gough (all of which have B a / N b  < 19; e.g. [21]). 
The higher values may largely be a consequence of 
Ba mobilization during low-temperature alter- 
ation; several alkalic samples with low H20  loss 

on ignition ( <  0.6% [5]), for example, have B a / N b  
between 12 and 15 (still higher than most oceanic 
lavas, however). 

4. Discussion 

A rather remarkable resemblance exists in Nd 
and Sr isotopes between the Madagascan basalts 
and the upper-level formations of the Deccan 
Traps. Like the Madagascan rocks, the upper De- 
ccan lavas define two distinct groupings (sum- 
marized by dashed curves in Fig. 3a) (e.g. 
[10,22,23]). Specifically, the Bushe, Poladpur and 
Ambenali  Formations of the Deccan describe an 
elongate array which extends from values typical 
of oceanic rocks (the Ambenali  at + 7  ~Nd(T)) to 
CNd(T ) as low as - 1 6  and (87Sr/86Sr)T as great as 
0.7200 (Bushe). The Madagascan tholeiites follow 
a roughly parallel trend and attain even higher 
(87Sr/86Sr)T and lower ~Nd(T). Likewise, the 
Mahabaleshwar Formation overlying the Amben- 
ali in the Deccan defines a steep, low SVSr/86Sr 
array (anchored at its high ~Nd(T) end by the 
Ambenali  data), which is superficially very similar 
to that of the Madagascan alkalic dikes. 

The Bushe-Poladpur -Ambena l i  sequence rep- 
resents one of the best-documented cases of con- 
tamination of flood basalt magmas by Pre- 
cambrian, broadly granitic crust (e.g. [10,22-24]). 
Going upward in the section, the level of con- 
tamination gradually decreases (from a Bushe high 
of perhaps 20%), such that the Ambenali  flows are 
virtually uncontaminated. The latter are super- 
seded by the Mahabaleshwar lavas which, al- 
though tholeiitic, possess elevated contents of in- 
compatible elements, including Nb. This forma- 
tion records the advent of a continental litho- 
spheric end-member toward the end of Deccan 
volcanism, which acted either as a new contami- 
nant or as a direct source of magmas (e.g. 
[9,10,22-24]). 

4.1. Southwestern Madagascan tholeiites 

The southwestern Madagascan tholeiites ap- 
pear to be the products of variable contamination 
by a continental end-member not unlike that in- 
volved in the Bushe and Poladpur Formations of 
the Deccan. Incompatible element data support 
this interpretation, particularly in the telltale nega- 
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tive primitive-mantle-normalized Nb anomalies, 
high T h / N b ,  B a / N b  [5], and strongly positive Pb 
anomalies typical of many crustal rocks (see Figs. 
7, 8a). Their highly elevated (2°8pb/2°4Pb)t and 
(2°vpb/2°4pb)t also indicate substantial con- 
tamination by continental material, probably crust. 
Despite these important similarities, however, the 
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contaminant of the Madagascar tholeiites was 
clearly different than that of the Bushe Formation 
(see Fig. 5), for the former all possess relatively 
low (2°6pb/2°4pb)t (less than 18.8), whereas the 
Bushe data extend to much higher values (19.7- 
22.5) at comparable (2°7pb/Z°4pb)t and (2°spb/  
2°4pb)t ) [10]. Moreover, the Bushe flows exhibit 
much more pronounced negative primitive-man- 
tle-normalized Sr anomalies than the Madagascan 
lavas, consistent with contamination by very low- 
Sr crust. Basalts in the southern Karoo which also 
have somewhat similar incompatible element pat- 
terns to those of the southwestern Madagascar 
tholeiites have been interpreted in terms of litho- 
spheric mantle influences, but they have much 
higher Nd and much lower Sr isotopic values 
[25,26]. 

Another important difference between the 
western Deccan and Madagascan tholeiites is that 
in the Bushe-Ambenali  sequence the most con- 
taminated flows tend to be the least evolved in 
terms of Ni, Cr, and Mg-number, counter to ex- 
pectations based on conventional notions of cou- 
pled assimilation and fractional crystallization (e.g. 
[22-24]). All the contaminated Madagascan 
tholeiites are quite evolved, however, with low 
Mg-number (0.38-0.43), Ni (27-39 ppm) and Cr 
(6-43 ppm) [5], at least superficially consistent 
with coupled fractionation and assimilation. Also, 
unlike the Deccan, voluminous rhyolites were ex- 
truded more or less contemporaneously with the 
basalts in southern Madagascar [1,4]; this suggests 
the possibility of mixing of rhyolitic magmas into 
basaltic magmas as an alternate contamination 
mechanism. A more detailed analysis is precluded 
at present by the large isotopic gap between the 
southwestern and east coast tholeiites in the exist- 
ing sample collection, the lack of knowledge of 
flow stratigraphy, and of data on rhyolite com- 
positions. 

4.2. East coast tholeiites 

On the east coast, the dike represented by sam- 
ple 59 provides evidence for the existence of very 
low 2°6pb/2°4 Pb material, probably ancient, lower 
continental crust or lithospheric mantle, but its 
extremely low 2°7pb/2°4pb indicates that such 
material was not particularly important in the 
genesis of the other samples studied (see Fig. 5b). 
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The two high C Nd(T ) tholeiitic flows from the 
east coast (58, 60) show little or no sign of con- 
tamination (they lack Nb and Pb anomalies, for 
example) and thus provide important insights into 
the nature of their mantle source. Their isotopic 
values are neither consistently MORB-like nor like 
those of Marion or Crozet. By analogy with the 
Ambenali  Formation of the Deccan, they might be 
expected to reflect a mixed MORB and Mar ion - -  
or Crozet - -parentage;  and indeed, their incom- 
patible element patterns and ratios are generally 
transitional between those of N-MORB and oc- 
eanic island basalts [5] (see Fig. 8c, for example). 
However, the combined isotopic results indicate 
that the situation is not so simple. For instance, 
Fig. 6 shows that the data for these two lavas do 
not lie strictly between (or within) the fields for 
Marion and either Atlantic or central Southwest 
Indian Ridge N-MORB. Nor do they fall along 
plausible mixing curves between a mixed 
M a r i o n - M O R B  source and the relatively high 
2°6pb/2°4pb contaminant of the southwestern 
tholeiites. Instead, they plot directly beneath the 
Southwest Indian Ridge N-MORB field. If they 
do result from N-MORB and Marion mixtures, 
then the isotopic data appear to require the ad- 
dition of small amounts of low 6 / 4  material simi- 
lar to that now beneath 40°E on the Southwest 
Indian Ridge. Alternatively, the results also can be 
accounted for by admixture of Southwest Indian 
Ridge or Atlantic-type N-MORB mantle with 
small amounts of the low 6 / 4  component. Thus, 
the presently available data certainly are compati- 
ble with a Marion hotspot contribution to the 
Madagascan tholeiites but they do not absolutely 
require it. Significantly, there is no evidence for a 
magmatic influence from material with modern 
Crozet isotopic characteristics. 

4.3. Alkalic suite 

With one exception (see below), the alkalic 
samples lack the high (2°8pb/2°4Pb)t , (2°7pb/ 
2°4pb)t signature of the contaminated southwest- 
ern tholeiites. On the whole, they exhibit Pb, Nd, 
and Sr isotopic ratios intermediate between those 
of modern Marion and the low 6 / 4  section of the 
Southwest Indian Ridge. As noted earlier, their Pb 
isotopic values for the most part  fall within the 

field of N-MORB from the central Southwest 
Indian Ridge. However, their Nd and Sr isotope 
ratios are respectively lesser and greater than for 
either Atlantic or central Southwest Indian Ridge 
N-MORB, for Marion, or for the little-con- 
taminated east coast tholeiitic flows. Unlike the 
east coast tholeiites, they appear  as a group to 
record variable but more significant interaction of 
a comparatively high CNd end-member  with a low 
2°6pb/Z°apb, low ~Nd, relatively low 87Sr/86Sr re- 
servoir similar to that now beneath the Southwest 
Indian Ridge at 40°E (see Fig. 6, for example). 

Whether their high end mantle end-member 
was equivalent to that of modern Marion or was a 
mixture of Marion and N-MORB-type  mantle 
cannot be ascertained with the present set of sam- 
ples; but a pure N-MORB end-member appears 
unsuitable given the location of the alkalic basalt 
data array well above the central Southwest In- 
dian Ridge N-MORB field in Fig. 4. Dostal et al. 
[5] noted that several alkalic samples are not 
drastically different in many of their incompatible 
element ratios than the high CNd(T ) tholeiites (see 
Fig. 8c, for example), and suggested that they may 
have shared a common mantle source. The iso- 
topic results confirm that the source for the higher 
~Nd(T) alkalic basalts was at least similar to that 
of the two east coast tholeiitic flows, despite their 
bulk chemical differences and spatial separation. 

Only one of the alkalic samples analyzed for 
isotopes (52, a basanite) appears to have been 
contaminated appreciably by high 2°8pb/2°4pb 
continental material like that affecting the south- 
western tholeiites (Fig. 5a; also 5b, 4, 3a), al- 
though both types are present in the same general 
area. This is perhaps surprising given that the Nd, 
Sr, and Pb contents of several of the alkalic lavas 
are only a factor of two or less greater than for the 
east coast tholeiites (Fig. 8c, Table 2, and [5]). 
However, the alkalic samples are generally much 
less evolved than the southwestern tholeiites [5], 
suggesting that most may have migrated to the 
surface quickly, without residing at length in 
crustal or subcrustal magma reservoirs or con- 
duits. 

4.4. Low 6 / 4  end-member 

Several factors may be relevant for deciphering 
the origin of the low 6 / 4  end-member  manifested 
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in the alkalic basalts. Understanding its nature is 
important not just for the Madagascan province, 
but also because material with the same general 
characteristics is in large part responsible for the 
unique isotopic composition of Indian Ocean 
MORB today. Its expression along the Indian 
Ocean ridge crests is highly variable, but by far 
the strongest signature in the entire Indian Ocean 
(to date) is found south of Madagascar on the 
Southwest Indian Ridge segment near 40°E; iso- 
topic and chemical data, in fact, permit only a 
small fraction of normal MORB-type mantle to be 
present beneath this segment at the depth of 
magma generation [21,27]. The location of this 
ridge segment is precisely the same (in the hotspot 
reference frame) as that occupied by Madagascar 
around the time of flood basalt volcanism, a rela- 
tionship that is unlikely to be coincidental. This 
segment also lies at the southern end of the sub- 
marine Madagascar Ridge, the presumed post-80 
Myr oceanic trace of the Marion hotspot on the 
African plate (e.g. [14,28]). Significantly, however, 
the distinctive low 2°6pb/Z°4pb, low end isotopic 
signature appears to be completely absent at the 
Marion hotspot today. Moreover, where somewhat 
similar low 6 / 4  signals are observed elsewhere on 
the Indian Ocean spreading centers, most notably 
at the triple junction and on the northern Cads- 
berg Ridge south of the Owen Fracture Zone, they 
are not associated in any simple way with hotspots 
[27,29]. 

In Madagascar, dikes of the southwestern 
swarm from which the alkalic samples were taken 
are strongly oriented in a N W - S E  direction [1,5]. 
Such oriented intrusions, indicative of lithospheric 
extension, slightly postdate the main tholeiitic 
phase in several flood basalt provinces, wherein 
the bulk of eruptive activity appears to have tran- 
spired under regimes of little or no extension [30]. 
If pertinent to the Madagascan province also, then 
the implication is that major expression of the low 
6 / 4  end-member was contingent upon litho- 
spheric extension. 

In conjunction with the above considerations, 
the most plausible original location of the low 6 / 4  
end-member would appear to be in the continen- 
tal lithosphere of Madagascar. Indeed, the re- 
quired isotopic signature appears to be quite com- 
mon in old continental lithosphere in general (e.g. 
[31]). Dostal et al. [5] also concluded on the basis 

of high T h / N b ,  B a / N b  and other incompatible 
element ratios that a continental lithospheric com- 
ponent was involved in the generation of some of 
the alkalic rocks. Removal of this type of material 
into the shallow convecting mantle now beneath 
the Southwest Indian Ridge at 40°E would be a 
consequence of continued extensional thinning and 
hotspot-driven thermal erosion of the Madagascan 
lithosphere. That a low 6 / 4  signal remains so 
pronounced today beneath the ridge at 40°E im- 
plies limited dispersal of material in an along-axis 
direction [27], and may largely reflect the rate and 
direction of shallow mantle flow beneath the re- 
gion and the extremely slow spreading on the 
Southwest Indian Ridge since the Late Cretaceous 
(e.g. [32]). Somewhat similar scenarios of litho- 
spheric detachment have been proposed for other 
areas by Hawkesworth et al. [33], Mahoney et al. 
[29], and Storey et al. [34]. 

An altogether different view is that the low 6 / 4  
reservoir intrinsically belongs to the Marion 
hotspot, which then must be seen as being com- 
posed of two very different isotopic components.  
In this case, both the Madagascan alkalic rocks 
and the low 6 / 4  Southwest Indian Ridge basalts 
at 40°E would owe their distinctive compositions 
solely to hotspot mantle (cf. [35]), at 40°E pre- 
sumably by a hotspot source-ridge sink interaction 
(e.g. [36]). The critical requirement of this hy- 
pothesis is that the low 2°6pb/2°4pb, low {Nd com- 
ponent currently must be entirely dormant  in the 
hotspot; that is, that it fortuitously happens not to 
have been involved in generating hotspot magmas 
on Marion or Prince Edward islands or Funk 
seamount in the recent past, as none shows any 
evidence for its presence. Such a possibility prob- 
ably should not be discarded outright, because 
these volcanoes provide only a recent "snapshot"  
of the long geologic history of the Marion hotspot. 
Presently, its volcanic output is quite low and it 
appears to be in a period of much-reduced inten- 
sity. Drilling or dredging along the trace of the 
hotspot, particularly on the Antarctic plate, would 
provide information on temporal variation in 
hotspot composition. For the present, we note that 
no oceanic island in the world has yet been found 
to have the extremely low 2°6pb/2°4pb (to 16.87 
[27]) displayed by the ridge basalts at 40°E. 

Interestingly, a broadly analogous situation can 
be found among the early Cretaceous HPT (high 
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phosphorous  and t i tan ium)  f lood basal ts  of the 
Pa rana  province  of Brazil, avai lable  mid-Cre ta -  
ceous samples  f rom the Rio G r a n d e  Rise and 
Walvis  Ridge  (on the pa leo- t rack  of the Tr is tan  
hotspot) ,  and  the recent  p roduc ts  of the Tr is tan  
ho t spo t  at Tr is tan  da  Cunha  and  Gough  islands.  
The  lat ter  have restricted 2°6pb/Z°4pb values simi- 

lar to those of  Mar ion  ( though with much lesser 
~Na and greater  87Sr/86 Sr), whereas the analyzed 

HPT,  Walvis  Ridge,  and  Rio G r a n d e  Rise lavas 
d i sp lay  a range of subs tant ia l ly  lower 2°6pb/Z°4Pb 

(to 17.1 in the H P T  basal ts)  [33,37,38]. 

5. Summary and conclusions 

The sources of U p p e r  Cre taceous  tholei i t ic  and  
re la ted  alkalic  basal ts  in southern  Madagasca r  can 
be expla ined  as combina t ions  of  three different  
mant le  components ,  all of  which are expressed 
today  in the Ind ian  Ocean in or near  the region 
that  was over la in  by  Madagasca r  (hotspot  refer- 
ence frame) at the t ime of  major  volcanism. They 
are: (1) Mar ion  hotspot ,  (2) no rma l  M O R B ,  and  
(3) unusual ly  low 2°6pb/2°4pb, low ~Na mant le  

s imi lar  to that  now loca ted  benea th  the Southwest  
Ind ian  Ridge  segment  near  40°E. There  is no 
evidence for a con t r ibu t ion  by mater ia l  of Crozet  
i sotopic  compos i t ion ,  based  on the very l imited 
da ta  avai lable  for the Crozet  Islands.  

The  low 2°6pb/2°4pb end -member  is impor t an t  

ma in ly  in the (possibly  late stage) alkalic dike  
rocks.  It or iginal ly  could  have been s i tuated in the 
l i thospher ic  mant le  of  Madagascar ,  a por t ion  of 
which subsequent ly  would  have been s t randed  in 
the shallow convect ing  mant le  by  the erosive ac- 
t ion of  the Mar ion  ho tspot  or l i thospher ic  thin- 
ning associa ted  with the separa t ion  of Madagasca r  
and  Grea t e r  India .  Al ternat ively ,  it could have 
been a c o m p o n e n t  of the Mar ion  ho tspot  itself; 
however,  recent  p roduc t s  of the hotspot ,  which 
comple te ly  lack low 2°6pb/2°4pb, low ENa sig- 

natures ,  do not  suppor t  this idea. 
In  southwestern  Madagascar ,  the tholei i t ic  

basa l t s  were highly,  t hough  var iab ly ,  con-  
t amina t ed  by  ancient ,  low ~Nd, high 87Sr/86Sr con- 
t inental  material ,  most  p r o b a b l y  crust. Its com- 
pos i t ion  was b road ly  s imilar  to that  which con- 
t amina t ed  the Bushe and Po ladpur  Fo rma t ions  of  
the la ter  Deccan  Traps  in western India,  but  was 
s ignif icant ly  lower in 2°6pb/2°4pb at comparab l e  

2°8pb/2°4pb. A n  east coast  tholei i te  d ike  records  
con t amina t i on  by  a very low 2°7pb/2°4pb, low 
2°6pb/2°4pb e n d - m e m b e r  di f ferent  than the low 
2°6pb/Z°4Pb mater ia l  affect ing the a lkal ic  rocks.  
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